The Inflatable Space Terrarium (IST) was launched as one of the experimental equipment of the Space Inflatable Membrane Structures Pioneering Long-term Experiments (SIMPLE) module attached to the Exposed Facility of the Japanese Experimental Module (JEM, Kibo). It aimed to verify the retainment of the pressurized membrane structure in which the atmospheric environment is simulated. It was deployed in orbit successfully on August 18, 2012 (JST), however, a slight gas leak then occurred and the pressure inside the IST has gradually decreased owing to this leak. The SIMPLE mission ended its regular operation in orbit at November 2014. Although the criteria for containment remained unattained owing to the leakage, we had monitored the conditions inside the IST by using cameras, and pressure and temperature sensors for about two years after deployment. In this paper, based on the pressure reduction profile we estimate size of a defect on the assumption that the air leakage occurred through one small orifice. And we analyze the relation between pressure and temperature using on-orbit data and numerical results.
Introduction
The Space Inflatable Membrane Pioneering Long-term Experiments (SIMPLE) 1) module is one of five mission payloads of the Multi-mission Consolidated Equipment (MCE), which is among the series of Exposed Facility (EF) experiments on the Japan Experiment Module (JEM) in the International Space Station (ISS). MCE was launched on board HTV-3 on July 21, 2012 and it was installed in the EF on August 9, 2012. Following the checkout operations of the MCE, the SIMPLE bus system underwent initial workout on August 15, 2012. After operation for about two years, the SIMPLE ended the operation at November, 2014. SIMPLE consists of three experimental sub-mission apparatuses as shown in Fig.1 : Inflatable Extension Mast (IEM), Inflatable Space Terrarium (IST), and Inflatable Material experimental Panel (IMP). IEM is an extensible mast composed of multi-STEM. The extension of an internally-mounted inflatable tube enables the mast to smoothly extend to a length of over 1200 mm. IMP is a deployable panel on which the potential candidate materials for inflatable structures are placed and tested. This paper focuses upon IST, highly pressurized inflatable membrane structure that can provide a pseudo-atmospheric environment in orbit. This structure can be used as an easily operable greenhouse. Other pressurized inflatable structures include TransHab 2) , IMOD 3) , SEIM 4) , Genesis I 5) , and Genesis . The Genesis series orbits the earth at an altitude of nearly 550km. The application of these systems to future manned missions would be difficult because it would require large, complicated, and expensive structures. We developed IST as a simpler, more economical alternative for application to small satellites, and so on. Its internal pressures and humidity are not controlled after deployment, and a built-in halogen lamp is lit to heat the internal air only at low temperatures. Multiple types of plant seeds were set inside IST for germination demonstration 6) . Figure 2 shows an outline of the IST equipment.
The IST was deployed successfully on August 18, 2012(JST), however, a slight gas leak then occurred and the pressure inside the IST has gradually decreased owing to this leak. We instantly reported this leakage and observed "thermal blanket effect" phenomena 7) . Although the criteria for containment remained unattained owing to the leakage, we had monitored the conditions inside the IST by using cameras, and pressure and temperature sensors for about two years after deployment. This paper shows the detail of obtained on-orbit data and evaluation of them including estimation of size of a defect which causes air leakage, and the relation between internal temperature and pressure based on some numerical analysis with simple mathematical models.
Inflatable Space Terrarium (IST)

Experiment outline
The main objective of the IST is to verify the long-term (i.e. at least a six-months duration) retainment of the pressurized membrane structure. This structure, which is used to provide a pseudo-atmospheric environment in orbit, is herein referred to as a Space Terrarium. Table 1 lists the specifications of the IST and Fig. 3 shows its internal structure viewings. A temperature sensor inside the IST is set near the germination equipment located about 30mm distance from the base plate, and another temperature sensor, PA09, is set on outside of the IST base plate. A pressure sensor inside IST is set on the base plate. This experiment aims to verify the reliable deployment and retainment of inner biological environments in terms of the pressure and temperature. The inner temperature is controlled by the on/off control of an on-board halogen bulb driven by the feedback of monitored temperatures. In the IST three types of seeds were set. After monitoring the inner pressure and temperature for six months, a command would be issued to supply water to the seeds. But this water supply operation has been suspended because of the air leakage. The condition of the germination device had been monitored for two years using the onboard optical camera.
Deployment of the IST in orbit
On August 18, 2012, the IST was deployed in orbit. Figures 4 show external camera images of the stowed and deployed IST. From these images, the IST seemed to be deployed successfully. The internal pressure profile is shown in Fig. 5 . It was about 60 kPa before deployment owing to residual air that persisted after IST was retracted on the ground. The pressure briefly fell below 30 kPa after the release of the latch mechanisms and immediately increased to over 90 kPa just after the air supply. This brief fall in the pressure was caused by the increase in volume owing to the residual air pressure. The internal temperature was about 20 deg. The subsequent slight reduction in internal pressure as shown in Fig.5 , from 06:00 to 24:00, means that an undesired air leak occurred.
Evaluation of On-orbit Data inside the IST
The internal pressure profile
Although the air leakage was indicated, the internal pressure and temperatures had been monitored for two years after deployment. Figure 6 shows the internal pressures every three months from August 18, 2012 to 2014. It proved to decrease exponentially Based on this reduction profile we estimate size of a defect on the equipment on the assumption that the air leakage occurred through one small circular hole. Suppose that the air had come through a orifice with d in diameter from a pressured container with a fixed-volume V. The differential pressure between inside and outside of the container and the air flow through the orifice during infinitesimal time t are assumed to be p and Q , respectively. According to the conservation law,
And the orifice flow Q is expressed using pressures 1 p and 2 p 1 2 p p at both ends of the orifice as follows. 
, where C is an orifice conductance. When the air flow is assumed to be molecular flow, this conductance is calculated by
, where A is the orifice section area and v is molecular average velocity. Setting the initial pressure and terminal value of the pressures at 0 p and f p , respectively, we solve the Eq. (1) and get the following solution.
Substituting 92.61 kPa for 0 p and 5.0 kPa for f p into the Eq.(3), and using least-squares method, we can estimate a diameter of the orifice on the assumption that the cross section area A is 
Numerical Analysis
Simplified models
We performed numerical calculations using COMSOL Multiphysics to explain the pressure and temperature profile observed in orbit. An uncomplicated numerical model and boundary conditions were applied for simplicity. Figure 11 shows the numerical structure model of the IST, which is composed of two titanium plates and a cylindrical airspace. Three data points, A, B, and C, inside the airspace are also shown in this figure.
The dimensions conformed to those of the IST. An adiabatic wall was set at the lateral aspect of the airspace. The temperature of the outer side of the titanium base plates was set to temperatures modeled on temperature of the base plate Figure 13 shows numerical results in case of initial value of the internal pressure is 84.5 kPa, which is the same value of Fig. 7 . Pressure and four temperature values are shown. Temperatures of base and top plate are indicated by red and green line, respectively. The former is modeled as a sine-wave with a period of 180 minutes and the latter is also modeled as a sine-wave with a period of 90 minutes by referring to Fig.12 . A blue line shows temperature of internal air at a data point A, 30mm distance from the base plate, as similar place to the temperature sensor inside the IST. A black solid and dotted lines show temperature of internal air at a data point B and C, respectively. The data point B is almost at center of the cylinder, 100mm distance from the base plate. The data point C is near the top plate, 200mm distance from the base plate.
Numerical results and discussions
As compared with Fig.7 , temperature trends of the two plates and of inside the IST represent similar features. Pressures in both Fig.7 and Fig.13 have 90-minute period, but in Fig.7 it seems more dominant probably because pressure reduction is not considered in the numerical analysis. Fig. 13 also provides that temperature gradient is caused in the air inside the IST due to lack of natural convection flow, and the pressure change is closely related to the temperature variations at data point B. Figure 14 shows numerical results in case of initial value of the internal pressure is 36.0 kPa, which is the same value of Fig. 9 . In Fig.14 , temperature profiles for all cases are almost the same as those in Fig.13 , since temperature changes of top and base plates are almost the same as shown in Fig.12 . However, amplitude of pressure fluctuation is different from that of Fig.13 owing to low pressure value. For this reason, we concluded that mixed features of two cycles, 90-and 180-minute periods, appear in Fig.9 .
In case of initial value of the internal pressure is 15.0kPa, on-orbit pressure values have 180-minute period changes and the phase is reversed to the wave form of the temperatures with 180-minute period (Fig.10) . But numerical results at 15.0kPa are not sufficient to explain these observed features.
To get more precise analysis, more details including temperature gradient inside the IST are needed.
Conclusion
The SIMPLE mission was launched on July 21, 2012, started operation in orbit from August, 2012, and ended the operation at November, 2014. For the operation duration, we had continuously obtained on-orbit data including images, temperatures, pressures, and so on. In this paper, we described the evaluation of on-orbit data inside the IST experimental equipment. Some conclusion remarks are summarized as below.
The IST was successfully deployed on August, 18, 2012(JST). The internal pressure of the IST was 0.5 atm before deployment owing to residual air that persisted after IST was retracted on the ground. Just after the release of the latch mechanisms, the internal pressure reduced at once, and it had achieved pseudo atmospheric pressure immediately after air supply. After the deployment of the IST, the internal pressure reduced slightly. The subsequent reduction in internal pressure was indicative of an undesired air leak. The internal pressure on August, 18, 2014 (JST) was 5.54kPa. From the reduction profile of the pressure, we estimated size of a defect causing the leakage is 5.16um in diameter on the assumption that the air leakage occurred through one circular orifice. In order to check leakage from such a small defect, we need to sufficient time for leak test on ground. We could not find the defect of the IST owing to a lack of test time. Although the air leak meant that the criteria for containment remained unattained, we had continuously obtained on-orbit data including images, pressure, and temperature for two years. The internal temperature was rather affected from temperatures of the base plate which varied on a 180-minute cycle because a temperature sensor is near the base plate. On the other hand, the internal pressure was affected from temperatures of top plate which varied on a 90-minute cycle, adding to those of the base plate.
